Abstract. On August 18, 1999, the Cassini spacecraft flew by Earth at an altitude of 1186 km on its way to Saturn. Although the flyby was performed exclusively to provide the spacecraft with sufficient velocity to get to Saturn, the radio and plasma wave science (RPWS) instrument, along with several others, was operated to gain valuable calibration data and to validate the operation of a number of capabilities. In addition, an opportunity to study the terrestrial radio and plasma wave environment with a highly capable instrument on a swift fly-through of the magnetosphere was afforded by the encounter. This paper provides an overview of the RPWS observations at Earth, including the identification of a number of magnetospheric plasma wave modes, an accurate measurement of the plasma density over a significant portion of the trajectory using the natural wave spectrum in addition to a relaxation sounder and Langmuir probe, the detection of natural and human-produced radio emissions, and the validation of the capability to measure the wave normal angle and Poynting flux of whistler-mode chorus emissions. The results include the observation of a double-banded structure at closest approach including a band of Cerenkov emission bounded by electron plasma and upper hybrid frequencies and an electron cyclotron harmonic band just above the second harmonic of the electron cyclotron frequency. In the near-Earth plasma sheet, evidence for electron phase space holes is observed, similar to those first reported by Geotail in the magnetotail. The wave normal analysis confirms the Polar result that chorus is generated very close to the magnetic equator and propagates to higher latitudes. The integrated power flux of auroral kilometric radiation is also used to identify a series of substorms observed during the outbound passage through the magnetotail.
spectral and temporal resolution, time constants, and frequency coverage. It can obtain spectral information only, or it can obtain both autocorrelation and cross-correlation information required to measure all four Stokes parameters and direction-of-arrival information for electromagnetic waves. The Stokes parameters [Stokes, 1852] are used to describe partially polarized radiation. $ is the total power. (2 represents the difference between two orthogonal power components. U and V are basically the cross-correlation functions of the two components of the electric field. From these, the degree of polarization, whether the wave is left-or right-hand-polarized, and the degree to which the wave is linearly or circularly polarized (elliptical polarization) can be determined. See Krause [1966] for a complete discussion of the Stokes parameters. The highfrequency receiver includes a sounder for active determination of the local plasma density. The high-frequency receiver utilizes only the three electric antennas. The medium-frequency receiver returns only spectral information from either an electric sensor or a magnetic search coil or, typically, both. It covers the frequency range from 24 Hz to 12 kHz. The fivechannel waveform receiver can acquire signals from up to five sensors simultaneously, typically from two electric and three magnetic antennas, and is primarily used for wave normal analyses. It has two frequency ranges including 1-26 Hz and 3 Hz to 2.5 kHz. The low-frequency mode is used to capture waveforms from one electric and one magnetic sensor which are Fourier transformed on board to provide spectral information below 26 Hz to complete the survey spectral information when used in conjunction with the high-and mediumfrequency receivers. A wideband receiver enables high duty cycle waveform observations from one of the sensors (select- range from 125 kHz to 16 MHz. Since the five-channel waveform receiver can also be operated in a single-channel mode, wideband capability is also available in 26-Hz and 2.5-kHz bandwidths. Finally, Langmuir probe electronics are supplied to control the voltage and to measure the current on the dedicated spherical Langmuir probe and two of the cylindrical electric antennas under certain modes of operation. The Earth flyby trajectory was chosen solely to safely direct Cassini to its rendezvous target at Jupiter as its next way point on its trajectory to Saturn; no science issues were considered in the selection of the near-Earth trajectory. Nevertheless, the flight path provided an excellent pass through the dayside magnetosphere at a local time near 13 hours, a passage through the plasmapause on the duskside, a closest approach at an altitude of 1186 km at a latitude of -23 ø near 18 hours local time, and a departure trajectory at a local time of •--1.6 hours. The trajectory for the time near closest approach is shown in Figure 1 . The bow shock and magnetopause shown in this illustration are located to indicate the approximate locations of the Cassini encounters with these boundaries on the inbound leg; the shapes are only illustrative. The RPWS and other fields and particles instruments remained on until September 14, when the spacecraft was 6374 RE downstream. For various engineering considerations, continuous data would not have been possible through the aberrated tail position; hence the RPWS was turned off prior to the nominal tail crossing. There is no evidence in the wave data for a distant magnetotail crossing; hence, in this overview we concentrate on the interval plotted in Figure 1 near Earth.
Observations
The RPWS observations during the Earth flyby are summarized in Plate 1. The top panel is a magnetic frequency-time spectrogram covering the range from 25 Hz to 12 kHz. Magnetic spectral density is plotted as a function of frequency and time according to the color bar provided in Plate 1. The bottom panel presents the electric field spectral density in a similar format, except that the frequency range extends to 16 MHz. Because the instrument mode used for the flyby was designed to concentrate on the 2.5-kHz waveform measurements required to validate the wave normal analysis of whistler mode waves, the frequency range below 25 Hz was not continuously available during much of this interval. In both panels a white line is used to trace the electron cyclotron frequency, which is useful in organizing a number of the plasma wave phenomena.
The electron cyclotron frequencyfc e = 28 IBI, where fce is in hertz and [BI is in nanoteslas, is determined from the mea- and fpe is in hertz. This cutoff is actually an upper limit to the local plasma frequency, since the continuum radiation may suffer a cutoff at some distance from the spacecraft. However, the relatively sharp cutoff suggests that it is local and relevant to the local plasma conditions. The intensification of the upper hybrid band occurs at full 2 = fpe 2 q-fce 2 and hence is an ---0.6 ms. This is reasonably close to the observed timescale; hence we are confident in identifying these features as electron phase space holes.
Wave Normal Analysis
The RPWS utilizes a five-channel waveform receiver to support wave normal analysis of waves in the frequency ranges below 2.5 kHz and 25 Hz. The RPWS high-frequency receiver incorporates a relaxation sounder for the purposes of providing the local electron density through the active excitation of characteristic resonances of the local plasma, in particular, the electron plasma frequency, which is directly related to the electron density. Briefly, the sounder operation consists of a 30-V pulse on the dipole antenna, followed by a variable time delay, and then a series of measurements by the receiver at the pulsed frequency with another variable time delay between measurements. After yet a third variable time delay, the next frequency pulse is emitted, and the process is repeated over the range from 4 to 115 kHz. The various time delays are typically on the order of a few to 15 ms. Part of the reason for the operation at Earth was to investigate several sets of time delays to determine a preliminary set to use for Saturn tour planning. The analysis, then, consists of looking for spectral peaks in the measured spectrum which are excited at the electron plasma frequency. Figure 4 shows a sample spectrum with a peak highlighted which has been determined to be the electron plasma frequency excited by the sounder. The frequency of the line is 27.6 kHz, corresponding to an electron density of 9.4 cm -3. Generally, the sounder generated one or more peaks in the received spectrum, with the additional lines being at harmonics of fce or at the fq resonances. The analysis is also complicated somewhat by the presence of naturally occurring emissions at fvH during the interval; however, in most cases the triggered emission was at a larger amplitude than the naturally occurring • one. Electron densities determined using the sounder results are plotted in Figure 2 . The sounder test was generally successful. It indicated that at least for the conditions encountered in a short (---5-min) interval in the terrestrial magnetosphere, the time delay between the pulse and the first receiver measurement must be small, less than t0 ms. However, there is a finite time for the receiver automatic gain control to recover from the pulse (the receiver is not blanked during the pulse), and this argues for delay times which are not too short. This effect is more of a factor for the lowest high-frequency receiver band (3.5-7.2 kHz). The intended operation at Saturn is to use the sounder for density measurements in the magnetosphere with relatively low duty cycle (primarily because of the potential for interference with RPWS and other instruments' measurements). Nevertheless, these will be very important for providing density information where there are no naturally occurring emissions at f pe or f UH.
Langmuir Probe Observations
The Langmuir probe was included in the RPWS investigation primarily to provide thermal plasma measurements (electron density and temperature) in Titan's ionosphere, but it is likely that the probe will also be useful in the inner plasma sheet and near the icy satellites. The passage through Earth's ionosphere provided the only opportunity to operate the Langmuir probe in a cool, dense plasma prior to arriving at Saturn. Hence the probe was set to do typical voltage sweeps once per minute for ---t0 min near closest approach. In between the sweeps the probe was left in a current-collection mode designed to enable rapid density measurements between the sweeps, assuming the appropriate bias voltage for such measurements would not change drastically between sweeps. Electron densities determined from the Langmuir probe sweeps are shown in Figure 2 using solid triangles. The match with the density determined using the upper hybrid trace is guaranteed, since the Langmuir probe data were used to help determine the upper hybrid frequency in the spectrograms. This is a circular argument; however, the utility of having multiple sources of electron density information is clearly demonstrated here in that we were able to unambiguously identify fu/-/in a complex spectrum. This would not have been possible to do in a convincing way without the supporting Langmuir probe data.
Planetary Radio Astronomy
As mentioned above, auroral kilometric radiation (AKR) was observed as a prominent component of the radio spectrum, particularly after closest approach when the spacecraft was near local midnight and well within the AKR emission cone [Green et al., 1977; Green and Gallagher, 1985] . Some weak emission was seen inbound, but Cassini approached from the near-noon sector at low latitudes and hence was poorly situated to observe these auroral emissions. Plate 6 is a frequency-time spectrogram showing the occurrence of AKR from shortly after closest approach to the end of August 18. On the basis of the AKR measurements alone, it is clear that the magnetosphere was fairly disturbed and experienced a number of magnetic substorms during this interval. This conclusion is based on the long-established connection between the occurrence of AKR and discrete auroral arcs [Gurnett, 1974; Huff et al., 1988] Figure 6 shows the result of integrating the AKR spectrum once per minute from 50 to 800 kHz and scaling to a distance of 9 Re as was done by . The general rise in the integrated power flux seen particularly at the minima is simply due to the scaling; in effect, we are scaling the receiver background when there is no AKR signal in the integration bandwidth. A number of substorms are apparent in this display, although the situation becomes somewhat confusing in the time range between 1200 and 1800 SCET, where it is not clear whether there are multiple substorms being initiated before the previous one has dissipated or this is simply a prolonged, complex substorm. For simplicity we have adopted the former explanation. Table 1 Beginning ---2 hours after closest approach, the highfrequency receiver was configured into a mode which enabled direction-finding and polarization measurements of auroral kilometric radiation. This operation provided an opportunity to run the instrument in a mode which will be used intensively near Jupiter, where a calibration will be done to determine the electrical orientations of the monopole antennas. This will be done by inverting the direction-finding analysis to use the known direction and polarization of Jovian radio emissions to determine the relative orientations and lengths of the antennas required to give the correct directions and polarization. We know from rheometry measurements [Rucker et al., 1996 ] that the complex shape of the Cassini spacecraft rotates the electrical axes of the monopole antennas by several degrees from their physical orientations. Using direction finding of Jupiter when it appears as a point source (e.g., at distances greater than ---300 R j), we can determine, in flight, these orientations. The goal is to achieve accuracies of order 1 degree for use in direction finding of Saturn radio emissions during tour. Preliminary analyses of the AKR direction finding indicate that both the electronics and the ground software provide reasonable solutions given that the Jupiter calibration has not yet occurred. A detailed analysis of the terrestrial data will be presented in a separate report.
While terrestrial radio emissions certainly dominated the radio spectrum during the Earth flyby, the RPWS instrument regularly observed Jovian radio emissions. In fact, Kaiser et al. 
